Both synaptic strength and spine size vary from spine to spine, but are strongly correlated. This gradation is regulated by activity and may underlie information storage. Ca 2ϩ -calmodulin-dependent kinase II (CaMKII) is critically involved in the regulation of synaptic strength and spine size. The high amount of the kinase in the postsynaptic density has suggested that the kinase has a structural role at synapses. We demonstrated previously that the bound amount of CaMKII␣ in spines persistently increases after induction of long-term potentiation, prompting the hypothesis that this amount may correlate with synaptic strength. To test this hypothesis we combined two recently developed methods, two-photon uncaging of glutamate for determining the EPSC of individual spines (uEPSC) and quantitative microscopy for measuring bound CaMKII␣ in the same spines. We found that under basal conditions the relative bound amount of CaMKII␣ varied over a 10-fold range and positively correlated with the uEPSC. Both the bound amount of CaMKII␣ in spines and uEPSC also positively correlated with spine size. Interestingly, the bound CaMKII␣ fraction (bound/total CaMKII␣ in spines) remained remarkably constant across all spines. The results are consistent with the hypothesis that bound CaMKII serves as a structural organizer of postsynaptic molecules and thereby may be involved in maintaining spine size and synaptic strength.
Introduction
Activity-dependent plasticity of both spine size and synaptic strength is involved in a number of physiological processes including learning and memory (Segal, 2005) . Spine size and synaptic strength are strongly positively correlated under basal conditions and coordinately modulated by activity. How this correlation is maintained is not known. Ca 2ϩ /CaM-dependent kinase II (CaMKII) has been implicated in both activitydependent synaptic strengthening (Lisman et al., 2002) and spine morphogenesis (Fink et al., 2003; Jourdain et al., 2003; Matsuzaki et al., 2004; Narayanan et al., 2006) . In dendritic spines, CaMKII is associated with the postsynaptic density (PSD) (Kennedy, 1998; Schulman, 2004) and with the spine cytoskeleton (Shen et al., 1998; Fink et al., 2003; Okamoto et al., 2004) . CaMKII is the most abundant protein in the PSD, exceeding in amount even the main structural PSD protein, PSD-95 (Cheng et al., 2006) . This large amount of the kinase has suggested that CaMKII has a structural role at synapses in addition to its enzymatic role (Erondu and Kennedy, 1985) . Indeed, CaMKII holoenzymes are capable of self-association and can bind to multiple spine proteins, including NMDA receptors (NMDARs) in the PSD and F-actin in the spine head (Kennedy, 1998; Colbran, 2004; Schulman, 2004; Merrill et al., 2005) . Notably, binding to the NMDAR is required for regulating synaptic strength (Barria and Malinow, 2005 ) and binding to F-actin has been implicated in controlling spine morphogenesis (Fink et al., 2003; Narayanan et al., 2006) .
CaMKII enrichment at synapses is regulated by synaptic activity (Meyer and Shen, 2000; Colbran, 2004; Schulman, 2004; Merrill et al., 2005) . Numerous studies have shown that strong synaptic activation results in an increase in binding of the kinase to NMDAR (Colbran, 2004; Schulman, 2004; Merrill et al., 2005) . Using fluorescent imaging in living cells, we demonstrated previously that the amount of bound CaMKII␣ in spines persistently increases after induction of LTP (Otmakhov et al., 2004) . We also observed a substantial amount of bound CaMKII␣ in many spines under basal conditions, indicating that these basal levels may be a result of previous LTP-like processes that increased synaptic strength. If this notion is correct, the amount of bound CaMKII␣ in individual spines should positively correlate with spine synaptic strength. To directly test this prediction, we used a combination of two-photon glutamate uncaging, whole-cell recording and confocal imaging of living neurons.
Materials and Methods
Method of slice culture. Hippocampal slice cultures were prepared at postnatal day 6 (P6)-P10 as described by Otmakhov et al. (2004) .
Transfection. After 5 to 10 d in vitro, slice cultures were bolistically cotransfected with plasmids containing monomeric green fluorescent protein (mGFP)-CaMKII␣ (wild type) and monomeric red fluorescent protein (mRFP) cDNAs. In some experiments CaMKII␣ (wild type) tagged with photoactivatable GFP (PAGFP) and mRFP(Cherry) were coexpressed.
Electrophysiology. Whole-cell recordings were performed as described previously (Otmakhov et al., 2004 Imaging, uncaging, and photoactivation were performed using a commercial Leica (Wetzlar, Germany) SP2MP upright confocal microscope equipped with a 60ϫ (1.1 numerical aperture, water immersion) objective, visible light (Ar/Kr) lasers and a femtosecond pulse infrared laser (Chameleon; Coherent, Santa Clara, CA). mGFP (or PAGFP) and mRFP were imaged in confocal mode sequentially with 488 and 543 nm excitation and 500 -550 and 580 -680 nm emission respectively. Normally, stacks of 9 -20 images with 0.5 m focal steps were collected of dendritic segment containing 5-50 spines. Only spines that clearly extended out from dendrite horizontally were taken into account in this study. Caged glutamate (MNI-glutamate; Tocris, Ellisville, MO) was included in the recirculating bath ACSF (total volume 3 ml) at a final concentration 8 mM. The Leica system was upgraded with a fast mechanical shutter, fast photodiodes and custom software written in Igor Pro. Uncaging was performed by a 1-2 ms pulse of the IR laser (720 nm, 4 -6 mW) focused at a single pixel location (Matsuzaki et al., 2001 ). The uncaging locations were scanned semi randomly (0.4 Hz) within a region of interest (ROI) that normally included three or more spines appearing at the same focal plan. The peaks of uEPSCs were then mapped to corresponding locations on the imaged structure. The lateral spatial sampling interval for uncaging was 0.3 m and the pixel size for imaging was 0.093 m. For photoactivation, dendritic segments were scanned once with a 720 nm IR laser through all the Z planes used for imaging. After photoactivation, confocal imaging of the dendrite was repeated at 2, 5, 10, and 30 min. Integral fluorescence of activated PAGFP in the three best focal planes was used as a relative value for the bound amount (BA) of PAGFP-CaMKII␣.
Estimation of relative bound amount and bound fraction GFP-CaMKII␣ in spines.
Measurements of fluorescence values in spines and dendritic shafts and calculations of relative total, bound amount, and bound fraction in spines were performed as described previously (Otmakhov et al., 2004 ) (see also supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The relative spine volume was estimated as proportional to the integral red fluorescence within the spine ROI (Holtmaat et al., 2005) . To visualize the location of bound CaMKII, a similar approach was used, but the BA was calculated for each pixel within the spine at the three best focal planes and then a projection image was constructed (see Fig. 1 ).
Results

Bound amount of GFP-CaMKII␣ strongly correlates with spine volume, but bound fraction does not
Coexpressing mGFP-CaMKII␣ with the soluble fluorescent protein, mRFP allowed us to calculate the relative BA and bound fraction (BF) (see Materials and Methods) of CaMKII in individual spines as well as the relative spine volume. Because of the limitation of our methods, we were restricted to quantitative comparison of spines on the same dendritic segment. We first tested whether the BA and BF of CaMKII in spines correlates with spine size. On the basis of our previous results (Otmakhov et al., 2004) , we expected that both parameters would be correlated with spine size under basal conditions. Figure 1 shows an example of a dendritic segment from a neuron in hippocampal slice culture 5 d after transfection. The greenish-yellow spines compared with reddish dendrites on the green/red merged image (Fig. 1 A) indicate that there is an accumulation of CaMKII in most spines. This is also evident from the calculated image of the BA in each spine (Fig. 1 B) . Comparing the BA of mGFP-CaMKII␣ and the volumes of these spines shows a strong correlation (Fig. 1C) [Pearson's coefficient (Pr) ϭ 0.93; n ϭ 15]. Surprisingly the bound fractions for these spines were very similar for spines of all sizes (Fig. 1 D) (Pr ϭ 0.29).
The average data for 788 spines in 17 different experiments are shown in Figure 1 , E and F. Each pair of spines on a dendritic branch was compared and the fold change in one parameter was plotted against the fold change of a second parameter. On average there was a strong positive correlation between the BA of mGFP- CaMKII␣ and spine volume for a given branch (Pr ϭ 0.82 Ϯ 0.02; p Ͻ 0.001), but the BF of CaMKII was invariant of spines size (Pr ϭ 0.01 Ϯ 0.05; p Ͼ 0.05). The average BF of mGFP-CaMKII␣ in these experiments was 0.53 Ϯ 0.12 (SD) of the total amount of the kinase in spines.
We next sought to check the correlation of BA with spine size by an independent method. We took advantage of the properties of PAGFP, which undergoes a persistent increase in the ability to fluoresce after a short period of illumination with UV light. Because PAGFP is practically undetectable before photoactivation, to identify transfected cells, we coexpressed PAGFP-CaMKII␣ together with mRFP (Cherry) (Fig. 1G) . After performing photoactivation in a small dendritic segment with spines, all soluble fluorescent molecules should diffuse out of these spines within seconds (Gray et al., 2006) allowing imaging of the remaining bound pool of PAGFP-CaMKII (Fig. 1G,I ). Figure 1 H shows summary results obtained an average of 6 min after the photoactivation (3 cells, 7 branches, 62 spines). The data reveal a strong correlation of spine BA of CaMKII␣ and spine size (Pr ϭ 0.84 Ϯ 0.06; p Ͻ 0.001), confirming this correlation by an independent method.
Bound amount of GFP-CaMKII␣ of individual spines positively correlates with postsynaptic spine strength
We then combined two-photon uncaging of caged glutamate and whole-cell recordings from cells coexpressing mGFP-CaMKII␣ and mRFP to measure the relative synaptic strength of individual spines and correlate this with the relative amount of bound CaMKII in the same spines.
To do this, we first mapped uEPSCs onto the spine structure. Consistent with previous findings (Matsuzaki et al., 2001 ), maps of uncaging currents for individual spines showed that regions of maximal uEPSCs were normally smaller than the spine and were usually localized at spine heads at their focal planes (Fig. 2) . This is expected for large spines, given that the postsynaptic density, where glutamate receptors are concentrated, occupies only a fraction of the spine surface (Harris and Stevens, 1989) . Similar, but normally weaker "hot spots" of uEPSCs could sometimes be found on dendrites perhaps because of responses of vertically oriented spines in these areas. Figure 3 shows a result of one experiment in which measurements of the bound amount of mGFP-CaMKII␣ and uncaging mapping were performed for several spines on a small dendritic segment. Z-stacks of green and red images were taken from this dendritic segment to calculate relative BA and BF of spine mGFPCaMKII␣. The mapping was performed only in regions containing spines in the same focal plane. Analysis shows that spines with larger amounts of bound mGFP-CaMKII␣ had bigger maximal uEPSCs (Fig. 3D ) (Pr ϭ 0.88; n ϭ 8). We also confirm previous findings (Matsuzaki et al., 2001) , that spines with stronger postsynaptic responses were larger in size, because maximal uEPSCs of individual spines positively correlates with spine volume (Pr ϭ 0.97). As described above, in these uncaging experiments we also observed that the BA, but not BF of spine mGFPCaMKII␣ positively correlates with spine volume (BA, Pr ϭ 0.88; BF, Pr ϭ Ϫ0.19). More examples of experiments of this kind are shown in the supplemental Fig. 2 (available at www.jneurosci.org as supplemental material). Figure 4 shows summary data for the above experiments. Calculations of the mean coefficient of correlations demonstrates that maximal uEPSC strongly correlates with both BA of spine mGFP-CaMKII␣ and spine volume [Pr for uEPSC over spine size (Fig. 4 A) 
Discussion
The molecular determinants of synaptic strength are not understood. Newly developed methods have allowed us to compare the molecular content of CaMKII with functional postsynaptic strength of the same spine. We have tested the hypothesis that the postsynaptic strength is related to the CaMKII content of the spine. Our main finding is that spine strength positively correlates with the BA of CaMKII. Remarkably, the BF is the same even in spines that vary in sizes by an order of magnitude. We also find that the spine volume correlates with the BA of CaMKII. These correlative properties observed under basal conditions are consistent with the previous findings that spine strength, volume and BA of CaMKII all increase after LTP induction (Matsuzaki et al., 2004; Otmakhov et al., 2004) . However, we were surprised to find that the bound fraction was independent of spine size because our previous data demonstrated that the BF also significantly increased after LTP induction. This finding implies that the change in the BF after LTP is only transient and returns to the prepotentiation level within some period of time after LTP induction (see below) (supplemental material, available at www.jneurosci.org).
CaMKII content and spine size
One of the main postsynaptic binding partners of CaMKII at the synapse is the NMDA receptor (Colbran, 2004; Schulman, 2004; Merrill et al., 2005) . Labeling studies indicate that the number of NMDARs at individual synapses weakly but significantly correlates with synapse size (Racca et al., 2000) , suggesting that CaMKII binding to NMDAR could contribute to the correlation we observe, although kinase self-association or binding to other PSD targets may also be a participating factor.
In our experiments, we measured GFP-CaMKII␣ associated not only with the PSD, but all bound kinase in the spine head. The F-actin cytoskeleton mesh, which is believed to be involved in control of spine shape and size (Tada and Sheng, 2006) , is another pool for anchored CaMKII. CaMKII␣ associates with spine F-actin indirectly although CaMKII␤ or ␣-actinin (Shen et al., 1998; Fink et al., 2003; Okamoto et al., 2004; Robison et al., 2005) . Accordingly, actin depolymerizing agents dramatically reduce the amount of CaMKII␣ found at spines (Allison et al., 2000; Asrican et al., 2006) . Importantly, the amount of F-actin in spines increases after LTP induction (Okamoto et al., 2004; Lin et al., 2005) providing more targets for CaMKII binding. This binding is likely to contribute to the increase in the BA of CaMKII after LTP and for the correlation of the BA with spine size reported in this study.
CaMKII and spine morphogenesis
The role of CaMKII in activity-dependent spine morphogenesis is just beginning to be elucidated. Several studies have demonstrated that CaMKII activity is necessary for the increase in spine size after LTP induction (Matsuzaki et al., 2004) and may also affect spine density after other forms of neuronal activity (Rongo and Kaplan, 1999; Fink et al., 2003) . Moreover, direct infusion of catalytically active CaMKII alone is sufficient to induce appearance of new spines (Jourdain et al., 2003) . Previous reports suggest that CaMKII may play a structural role in controlling spine size. For example, CaMKII␤ directly binds to actin filaments and presumably serves as a linker that bundles actin fibers in vitro and stabilizes F-actin in living cells (Narayanan et al., 2006) . Notably, this nonenzymatic property of CaMKII␤ was suggested to be an important requirement for its involvement in the regulation of spine morphogenesis (Fink et al., 2003; Narayanan et al., 2006) .
CaMKII content and postsynaptic strength
The number of AMPA receptors (AMPARs) in the synapse strongly correlates with the size of the PSD, which itself correlates with spine size (Harris and Stevens, 1989; Nusser et al., 1998) . Moreover, the functional synaptic strength (measured by uncaging of glutamate at synapses) also strongly correlates with spine size under basal conditions, and spine size increases after LTP induction (Matsuzaki et al., 2001 (Matsuzaki et al., , 2004 . How this correlation occurs is not known, although previous data demonstrated that fusion of postsynaptic vesicles containing AMPA receptors (and possibly other structural elements of the PSD) near the synapse provides the extra membrane and signaling molecules for both the synapse and spine enlargement (Park et al., 2006) . The NMDAR is one of the main binding targets of CaMKII at the PSD (Colbran, 2004; Schulman, 2004; Merrill et al., 2005) , and LTP induction requires this binding (Barria and Malinow, 2005) . Because a single CaMKII subunit can bind multiple proteins (Robison et al., 2005) it can serve as structural organizer of PSD signaling molecules, playing a purely structural role in maintaining synaptic strength. Specifically, CaMKII could be involved in the organization of a structural link at the PSD (Lisman et al., 2002) and spine cytoskeleton (Narayanan et al., 2006) necessary to stabilize AMPARs at the synapse. Consistent with this notion, recent data directly demonstrated that an inhibitor that interferes with CaMKII binding to NR2B subunit (Vest et al., 2007) significantly suppresses basal synaptic transmission (Sanhueza et al., 2007) .
BF of CaMKII is independent of spine size
We found that the BF of the kinase did not correlate with spine size and spine strength. This was unexpected, because our previous study showed that the BF increased for at least 60 min after LTP induction. We, therefore, expected that the BF would also correlate with spine size and strength. Our findings here suggest that the observed increase in BF after LTP induction is only transient. One possible scenario is that LTP produces an accumulation of CaMKII at spines because of binding to the PSD and enlarged F-actin cytoskeleton. An enhanced density of the kinase at the PSD (Otmakhov et al., 2004) and kinase self-association (Hudmon et al., 2005) may account for the excessive amount of bound CaMKII responsible for the increased BF. Slowly this excessive amount may leave the spine, bringing the BF back to the initial prepotentiated level while the BA of CaMKII remains elevated proportionally with the increased PSD (Ostroff et al., 2002) and F-actin mesh (Lin et al., 2005) .
Conclusion
We have combined two newly developed techniques, twophoton uncaging of glutamate for monitoring postsynaptic strength and quantitative fluorescent microscopy to measure the relative BA of one of the most abundant synaptic molecules, CaMKII␣. We found that this amount positively correlates with synaptic strength and spine size. This finding is consistent with the hypothesis that CaMKII may work as a synaptic organizing molecule in maintaining structure and function.
